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ABSTRACT

A workstation-based interactive design tool called

VU-INLET has been developed for the inviscid flow

in rectangular, supersonic, external-compression in-
lets. VU-INLET solves for the flow conditions from

free stream, through the supersonic compression

ramps, a_ross the terminal normal shock region and
the subsonic diffuser to the engine face. It calcu-

lates the shock locations, the capture streamtube,

and the additive drag of the inlet. The inlet geome-

try can be modified using a graphical user interface
and the new flow conditions recalculated interac-

tively. Free stream conditions and engine airflow

can also be interactively varied and off-design per-
formance evaluated. Flow results from VU-INLET

can be saved to a file for a permanent record, and

a series of help screens make the simulator easy to

learn and use. This paper will detail the underly-
ing assumptions of the models and the numerical
methods used in the simulator.

INTRODUCTION

The design of high speed inlets is a complex time-

consuming process. The first problem facing the

high speed inlet designer is slowing the supersonic

external flow down to subsonic speeds before go-

ing into the engine. Modern high speed inlets typi-

cally employ a series of compression ramps to shock
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the flow down to subsonic conditions, ReJ.s. 1-3.
Because the flow across each shock wave is non-

isentropic, there are total pressure losses in the com-

pre_ion process. The total pressure recovery, which

is the ratio of the engine face total pressure to free

stream total pressure, is one measure of the perfor-

mance of an inlet. To maximize the inlet recovery,
the inlet designer must properly choose the number

of compression ramps and the amount of compres-
sion along each ramp for various flight conditions.

But, as the flow is compressed through the shock
waves, it is turned parallel to the ramps creating

a new problem; some of the flow may be turned

outside of the inlet cowl and be spilled around the

inlet. The spillage of flow creates a drag on the

aircraft which must be minimized by the inlet de-

signer. A third consideration for the designer is that
while a design is usually optimized at certain criti-

cal flight conditions, the inlet must continue to oper-

ate effectively at off-design conditions. To efficiently

operate over a large flight envelope the inlet often

employs variable geometry; the compression ramps

are hinged and their deflection scheduled as a func-
tion of flight conditions. Auxiliary systems such as

boundary layer bleed or engine bypass are also in-
cluded to insure stable inlet operation. A fourth

possible inlet problem involves the distribution of

flow at the engine face. If the distortion of the flow

is too high, either radially or circumferentially, the

first stage compressor may surge or stall. And fi-

nally aircraft integration problems and low radar
cross-sections often impose additional constraints

on the inlet design.

During the preliminary design phase, the recov-
ery, drag and off-design operation need to be eval-

uated for many different geometric configurations.



The preliminary analysis is usually done assuming
one or two dimensional flow and neglecting viscous
effects. The pressure recovery for a chosen geometry
can be calculated using compressible flow equations

given in Refs. 4 and 5. For a given ramp angle,
upstream Mach number and ratio of specific heats,
the total pressure loss and downstream Much num-
ber are determined. Using this new Mach number
as the input to the next ramp, the process can be

repeated for a given number of ramps up to and
including the terminal normal shock. The inlet re-
covery is then the product of the recoveries across
all the shocks and the engine face recovery is the
product of the inlet recovery and the total pressure
ratio of the subsonic diffuser. The additive drag
of the inlet can be determined by integrating the
static pressure ratio along the capture streamtube.
The process of calculating the recovery and the drag
must be done for each selected geometry condition
and free stream condition.

In the past, inlet designers relied on experience,
tables, and charts of flow conditions for a wide range
of parameters to complete a preliminary design.
The generation of the tables and charts was aided
by the advent of high speed mainframe computers,
but the analysis of this data was time consuming
and expensive. Recently, the computing speed and
memory capacity of desk top workstations has sur-
passed that of the older mainframes. In addition,
the development of graphical user interfaces (GUI)
has provided the researcher with a powerful tool for
visualizing and interacting with the computations.
The inlet simulator presented here is a first attempt
to bring the power of the workstation and the GUI
to bear on the problem of high speed inlet design.
The resulting tool can be used interactively; the de-
signer can see the result of changes to a configu-
ration instantly and the total design time can be
dramatically cut.

ANALYSIS

For the purpose of analysis, the inlet is divided
into three parts. The supersonic part includes the
compression ramps and the effects of free stream an-
gle of attack and Much number. The transonic part

includes the terminal normal shock and the region
in the vicinity of the cowl lip. The subsonic part
includes the region from the cowl lip to the engine

face. We will now consider the analysis of each of
these regions separately.

Supersonic Compression Ramps

Along the compression ramps, the designer must
determine the oblique shock wave angle, the total
pressure ratio, the Much number change, and the
static pressure change across the shock. For very
high speed inlets, the static temperature change
across the shock can also be important and it is
calculated and provided here. For a given Much
number, increasing the ramp angle will increase the
shock angle, decrease the downstream Much num-
ber, increase the static pressure and temperature
ratios and decrease the total pressure ratio. Above
a certain ramp angle the shock wave is no longer
oblique but becomes normal and detached and the
downstream flow is subsonic. It is necessary for the
inlet designer to check and avoid this condition due
to the high recovery losses associated with normal
shock waves. The appropriate inviscid, compress-
ible flow equations for the compression ramps are
given in Ref. 5 as:

O[ (7+ 1) M2 ]cot6 = tan [2(M_i'_0-Z'- 1) - 1 (1)

I_ 27M 2sin20 - (7 - I)

Pt ('r + 1)

M2 2 =

_[('r- 1)_+ (7÷ 1)]

T2 _ _(7-I)_+(7+I)
_-I- (7+ I)_.÷(7--1) (4)

(7+ 1)_+ (7- 1) _
-

(2)

M2 [(7÷ -!-(7 - 1)]- 2 _ 1)(3)

Pt--2= (s)
ptl

where M istheupstream Mach number,M2 isthe

downstream Much number, 6 isthe ramp angle,0

istheshockangle,7 istheratioofspecificheats,p
isthe staticpressure,T isthestatictemperature,

and pt isthe totalpressure,with the "1" condi-

tionsupstreamoftheshockand the"2"conditions

downstream. Eq. (1)issolvediterativdyforthe

shockangleasa functionoftheknown ramp angle.

Knowing theshock angle,Eqs. (2-5)can be easily
solvedforallthe flowconditionsacrosstheshock.

To determinethe maximum ramp angleforwhich



the shock wave remains oblique and attached, the

following quadratic equation (6) is solved for the

value of Oma=. The corresponding maximum ramp

angle can then be determined from Eq. (1).

2._M4 sin 4Omam

- [(7 + 1) M 4 - 4M 2] sin2Oma=

- (7+ 1) M 2 + 2 = 0 (6)

For multiple ramp inlets,the design procedure is

to use the given free stream Mach number and first

ramp deflection angle to generate all of the above

quantities along the first ramp. The downstream

Mach number and the second ramp angle then be-

come the inputs for the second ramp conditions, and

so on along all the ramps. If at any time the cho-

sen ramp angle exceeds the shock detachment ramp

angle, one must proceed to the terminal shock equa-
tions and compute the flow across the detached nor-

mal shock. For the first ramp, one must also include

the effect of the entire inlet being at some angle of

attack. This will increase the effective first ramp an-

gle to be the physical ramp angle plus the angle of

attack. The shock wave angle must likewise be ad-

justed although succeeding ramps are not effected.

It is possible, though not desirable in inlets, for
the ramp deflection angle to be negative. In this

situation, a compression shock wave is not gener-

ated; instead, a centered Prandtl-Meyer expansion

is generated and the flow is accelerated. For thor-

oughness, and to provide for later extensions of the

simulator to include mixed compression inlets, we

have included the possibility of expansion flows in

this simulator. The procedure is to use Eq. (7) to

calculate the Prandtl-Meyer angle, as given in Ref.
6, for the upstream Mach number.

/_-{-1 -1 /" --1)( M2 1)v= -V.,f-1 V 7+1

- t-,, 1 (7)

The ramp deflection angle is then added to the

Prandtl-Meyer angle to give a new downstream

value of the Prandtl-Meyer angle.

= vl + 6 (8)

Iteratively solving Eq. (7), one can then determine
the downstream Mach number from the new value

of the Prandtl-Meyer angle. Since the expansion

is isentropic, the total pressure ratio is one and the
downstream flow conditions can then be determined

by the isentropic relations:

7"2 ._ (1 -I- 2_/M_) (9)
T, (1+

P_._2= (1 + _-kM_)_-_-_ (10)

Terminal Shock Region

The terminal normal shock is the most crucial

point in an external-compression inlet design be-
cause most of the recovery loss occurs there. At

this location the designer must determine the Mach
number downstream of the normal shock, the total

pressure loss, the static pressure and temperature
change, and the location of the shock relative to the

cowl lip. The equations governing the flow across

normal shocks are similar to those for the oblique

shock and are given in Refi 5 as:

_. _ P2 2_'M 2 - (_ - I) (11)
pl - ('r+ 1)

M22 = (7-1)_+(3'+1) (12)

Solving Eq.(ll) for _, Eqs. (4-5) can be used to
determine the static temperature and total pressure

ratios across the normal shock. Eq. (12) is solved for
the Mach number which is then used to determine

the corrected airflow through the duct as described
below.

For any compressible flow the corrected airflow

per unit area can be determined from the follow-

ing equation which is derived from the continuity

equation:

_ 3' Po (13)

where 0t is the ratio of total temperature to the ref-

erence total temperature To, 6t is the ratio of the

total pressure to the reference total pressure P0, g

is the gravitational constant, R is the gas constant,
and w is the airflow. Since the reference conditions

are fixed throughout the inlet, the right hand side
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varies only with Mach number. Using the Mach
number downstream of the terminal shock and the

geometric area at the inlet lip, the maximum cor-

rected airflow through the inlet is determined.

As engine corrected airflow is reduced, the differ-
ence between the maximum corrected airflow and

the engine corrected airflow is spilled over the cowl

of the inlet. To accommodate the spillage, the nor-

mal shock moves upstream. There have been a num-

ber of models proposed to determine the amount of

the shock displacement, Refs. 3 and 7. A slightly

different model is employed here which assumes that

the spilled airflow is accelerated around the cowl

lip to supersonic conditions. Since one knows the

amount of the spilled airflow, Eq. (13) can be used

with Mach number equal to one to give the airflow

per unit area (or length in this two-dimensional sim-

ulation). Dividing the spilled airflow by the airflow

per unit length gives the length of the sonic line of
the spilled airflow. It is then assumed that the sonic

line is straight and that it begins on the cowl high-

light and runs to the normal shock, parallel to the

last ramp. Fig. 1 shows a schematic of these con-

ditions. A comparison of this model has been made

with the model in Ref. 3 and is shown in Fig. 2.

The new simulator was run in a pitot inlet mode at
the specified conditions and the results are shown as

filled circles on the graph. In Ref. 3, Seddon conjec-

tures that a square inlet should have a standoff not

greatly different than an axisymmetric inlet; results

of the new model fall right along the axisymmetric
inlet curve.

Having determined the shock angles and flow con-

ditions along each ramp, the additive drag and the
mass flow ratio can be calculated. The maximum

airflow into the inlet occurs when the terminal shock

sits on the cowl lip. Figure 3 shows the construc-
tion of the maximum airflow capture streamtube

and mass flow ratio. Since each of the compres-

sion ramps turn the supersonic flow parallel to the

ramp, one can begin at the cowl lip and construct a
line parallel to the last ramp upstream until it inter-

sects the last oblique shock. Repeating this process
from shock to shock forward to the free stream, one

can construct the maximum airflow capture stream-
tube. The vertical distance from this streamtube

to the first ramp leading edge divided by the cowl
height gives the maximum possible mass flow ratio.

For engine airflows less than the maximum, the mass

flow ratio is reduced proportionally and the terminal

shock moves upstream as previously described. The

capture streamtube is then recalculated from free

stream to the terminal shock parallel to the ramps.

Downstream of the terminal shock, a straight line

is drawn to the cowl lip, as shown in Fig. 4. In
actuality the streamtube from the terminal shock

to the cowl is curved, but the error introduced by

assuming a straight line should be small for mod-

erate mass flow ratios. Integrating the static pres-

sure ratio along the streamtube gives the additive

drag. For engine airflows less than the maximum,

the average of the static pressure immediately down-

stream of the terminal shock and the static pressure
at the cowl lip is assumed to act over the subsonic

portion of the capture streamtube. The static pres-
sure downstream of the normal shock is determined

by multiplying the static pressure ratios across all
the oblique shocks by the pressure ratio acroas the

normal shock given in Eq. (11). As the airflow is

decreased, the cowl lip Mach number is decreased as

given by Eq. (13). Assuming isentropic flow from

the terminal shock to the cowl lip, the static pres-

sure at the cowl lip can be computed using Eq. (10).

Subsonic Diffuser

A model for a subsonic diffuser has been included

in this simulator for the sake of completeness. It

is recognized that subsonic inlet design is a com-

plete subject in its own right and its inclusion in

this simulator, while admittedly crude, attempts
to account for the loss in recovery from the inlet

throat to the compressor face. The recovery loss

results from boundary layer growth on the walls of
the duct, and from separation of the boundary layer

in a region of adverse pressure gradient. The mag-

nitude of the loss depends ultimately on the speed

of the flow through the duct and on the geometry
of the duct. The subsonic diffuser model used here

is based on data and equations given in a course on

inlet aerodynamics at Wright-Patterson AFB, Ref.

8. The equations, in turn, were based on subsonic

inlet studies, Refs. 9 and 10.

The geometry of the duct provides two parame-

ters for the model; the throat to engine area ratio,

and the equivalent conical diffuser angle given by

the following equation:

Od = 2tan-l (h"'_e T hth ) (14)



where he,_g is the height of the engine face, h¢_ is

the throat height, and 1 is the length of the duct
from the throat to the engine face. The geometric

parameters are used to calculate the recovery loss

coefficient given by the following equations:

2] (15)

KI = 0.011Od

= 0.033Od--.44

for Od < 20

for Od > 20

The Kt and K2 coefficients represent the effects of

flow separations and boundary layer growth respec-

tively. These equations were derived from curve

fits of experimental data for representative subsonic

ducts. The final duct recovery then becomes:

pt____2= 1.0- .5MthKn (16)
ptl

where Mth is the throat Mach number derived from

Eq.(13) for the particular engine corrected airflow
and throat area.

DESCRIPTION OF SIMULATOR

Figures 5-9 are screen dumps from Version 2.0 of
VU-INLET and are included here to illustrate some

of the features available in the simulator. Consider-

ing Fig. 5, the simulator is divided into three main
sections; a view screen at the top, the input box in

the lower left, and the output box in the lower right.

The view screen shows a schematic drawing of the

inlet geometry, the oblique and and normal shock

waves, the capture streamtube, numerical labels on
the flow zones between the shock waves, and an ar-

row indicating the free stream flow direction. On
the workstation these features are all color-coded,

but are presented here in blar.k mad white. Around
the view window are some buttons to invoke the

help and output screens and to vary the display in
the view window. Fig. 6 shows the results of push-

ing the "Filled/Lines" button to the right and below

the view screen, while Fig. 8 shows the display in

black on white from the "Color/B and W" button
to left and below the view screen. The black and

white presentation is very useful for technical re-

ports. Pushing the "Help" button will invoke an

additional view window as shown in Fig. 9. The

user can then choose a topic of interest using the

buttons on the right and scroll through the narra-

tive to help solve immediate problems. Returning

to Fig. 5, the three sliders located around the view

window control the location and size of the display.

The input box to the left and below the view

screen controls the geometry and flow input vari-

ables. The user can fix the flow conditions and vary

the geometry, or fix the geometry and vary the flow

conditions by selecting the appropriate button at

the top of the box. The darkened window in the
button indicates the choice and a separate interac-

tion screen appears in the box. Figs. 5 and 7 show

the geometry screen which is divided into separate
sections for the external ramps, the cowl lip, the

shoulder, and the engine face. The user can input

data either by typing into the input windows or by

moving the sliders using a mouse; the choice is made

by pushing the "Slider/Enter" button which sits be-

tween each of the input windows and the sliders as

noted in Figs. 5 and 7. As the geometry is changed

from that in Fig. 5 to that in Fig. 7, the simu-
lator recalculates all of the flow variables, displays

the current output parameters, and changes the ge-

ometry and the shocks in the view window. Figs

6 and 8 show the analysis screen in the input box.

This screen contains buttons to specify what type

of analysis is to be performed; either external or

mixed compression, with or without drag calcula-

tion. Free stream and engine face conditions can be

specified as before. The mixed compression option

with engine bypass is not yet available.

The output box to the right of the input box con-

trols the presentation of numerical results to the
user. The box contains a fixed screen at the bottom

showing drag, Mach number and recovery through

the inlet, and optional screens at the top. The op-

tional screens can display either a single flow vari-

able through all of the flow zones as in Figs. 5,7,
and 8 or all of the flow variables within a single

zone as in Fig 6. The data is displayed both nu-

merically and graphically using variable bar charts;

as conditions change the length of the bar changes



appropriately.ComparingFigs. 5 and 7, the user

can pick which variable to display through the inlet
and the reference conditions. The previous zone ref-

erence will display the ratio of variables from zone

to zone, while the free stream reference will display
differences in the flow variable.

VU-INLET has been designed to be highly inter-
active with the user. To assist the user in the op-

eration of the program, a series of help screens are

available. An example of this capability is shown in

Fig. 9. The user can also save design conditions to a

file for printing or archiving by pushing the output

button. This may be done as many times as desired

during a session with the simulator.

RESULTS

The results presented in Figs. 5-8 are examples

of the types of problems which can be studied using

VU-INLET. While these figures are presented here
as screen dumps, the real power of the simulator is

its ability to recalculate and redisplay the results al-

most instantly. The geometry and flow conditions

can be immediately varied by the user to optimize

parameters of interest to the user. It is the inter-

action of the user with the tool which will produce

a good design; the package alone will not inversely
design an inlet.

Fig. 5 show a typical two ramp inlet at Mach

2.0, zero angle of attack. The first shock lays far

off the cowl lip resulting in a low mass flow ratio

(.807). The results shown in the output box have
been checked versus Ref. 5 to insure proper cod-

ing. As the engine airflow is reduced to 77 per
cent of the maximum, the simulator gives the re-

suits shown in Fig. 6. The normal shock has moved

upstream, the capture streamline has moved closer

to the ramp surface and the additive drag has in-

creased substantially. The throat Mach number has

decreased and the subsonic diffuser recovery has in-

creased, resulting in a higher recovery at the engine

face. The supersonic compressor has remained un-

changed and the output box now shows conditions

along the second ramp. Again all the ramp condi-

tions agree exactly with the results from Ref. 5.

Fig. 7 shows a three ramp inlet with the dummy

engine face removed and the drag calculation dis-

abled. Static pressure is displayed in the output

window and is seen to steadily increase along the

compression ramps. The additional ramp produces

a larger recovery and higher Mach number aft of the

normal shock than in Fig. 5, although the recov-

ery of the subsonic duct is lower due to the higher

throat Mach number. Fig. 8 shows the same ge-
ometric conditions as Fig. 7, but the free stream

now approaches at 4.0 degrees angle of attack. The

initial ramp is then inclined 14.0 degrees to the free

stream, producing a stronger shock, higher static

pressure, lower total pressure and lower Mach num-

ber along the first ramp. As the flow approaches the

third ramp, the oblique shock can no longer remain

attached and a normal shock is produced. A flag in

the output box tells the user that the shock is de-
tached, the number of flow zones is reduced to three
and the calculation of the subsonic duct is disabled

because of uncertainties associated with the large

region of subsonic external flow.

SUMMARY

A workstation-based, highly interactive design

tool for supersonic, rectangular, external compres-

sion inlets has been developed. The underlying as-
sumptions and equations which form the basis for

this tool have been presented in this paper as well

as several examples of the results from the simula-

tor. This tool should greatly speed up the prelimi-

nary design process for high speed inlets. It can also

be used as an educational tool for graduate aerody-

namicists because it includes most of the physical

processes which occur in high speed inlets. The

model does neglect the effects of boundary layers

which can and have caused big problems for inlets,
and the geometry is only two dimensional. How-

ever, the tool can be used effectively for preliminary

design and screening. VU-INLET is now being up-

graded to solve for the flow in mixed compression

inlets and there are plans to expand the analysis to

the method of characteristics to solve for axisym-

metric inlets and distributed compression surfaces.

The use of highly interactive graphics and graph-

ical user interfaces employed in VU-INLET has al-

ready led to the development of an undergraduate

educational tool which can assist in teaching basic

compressible flow results from NACA-1135, Ref. 11.

Many of the features and assumptions which went

into the supersonic compressor of the inlet simula-

tor were directly applicable to the educational tool.
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